DNA repair by nonhomologous end-joining (NHEJ)
with telomeres, we studied telomere stability in mouse cells in which one or both alleles of Ku80 or Ku70 had hybridization (qFISH; [16] ) can detect and quantitate the signal generated by hybridization of a fluorescent probe for telomeric DNA is specific. (c) Ku is associated with telomeric DNA telomeric DNA when antibodies raised against Ku70, Ku80, and DNAin a variety of human cell lines; BJ are human primary fibroblasts, PKcs were used to immunoprecipitate these antigens crosslinked BJϩhTERT are BJ cells into which the hTERT gene has been to chromatin. Little or no telomeric DNA was retrieved when antibodies transduced, and VA13 are ALT cells. (d,e) Ku remains associated were not included, when preimmune sera (PI) was used, or when with telomeric DNA in the presence of DNA damage; in (d), cells crosslinking was omitted. An anti-TRF1 antibody was used as a positive were irradiated with 10 Gy of X-rays, and samples were analyzed at control. Sera raised against factors not expected to have a specific the indicated times afterwards; in (e), cells were grown in the telomeric localization did not bring down significant amounts of presence of 50 g/ml phleomycin for the indicated times. Control telomeric DNA (data not shown). (b) The specificity of the CHIP is comprised of beads alone without Ku antibodies. immunoprecipitated DNA was checked by stripping the membrane Quantitation is available as Supplementary material. and rehybridizing with an Alu probe: all the immunoprecipitations at individual telomeres, irrespective of polymorphisms in young adult mice using flow-FISH [18], a technique based on FISH combined with flow cytometry that allows for telomeric and subtelomeric sequences. Primary mouse embryonic fibroblasts (MEFs; population doubling Ͻ 3) quantitation of telomeric DNA in large numbers of intact permeabilized G0-G1-gated interphase cells. Flow-FISH were obtained from 11 embryos from 4 independent litters derived from heterozygous crosses. We found that analysis of freshly isolated primary thymocytes and splenocytes from Ku80 ϩ/ϩ and Ku80 Ϫ/Ϫ mice revealed a reducKu80 Ϫ/Ϫ animals had lost ‫%04ف‬ of their telomeric repeats in comparison to Ku80 ϩ/ϩ animals, whereas Ku80 ϩ/Ϫ mice tion in telomeric DNA in the latter (Table 2) . These data establish a role for Ku80 in the control of telomere length displayed an intermediate reduction ‫;%02ف(‬ Table 1 Table 1 Quantitative FISH analysis of telomere length. NHEJ, but only defects in Ku70 or Ku80 lead to telomeric shortening. investigated whether the XRCC4/DNA ligase IV complex controls telomere length. When we used qFISH to study two independent XRCC4
MEFs
Ϫ/Ϫ ES cell clones [21], we found Telomeres are thought to prevent chromosomal fusions and the consequent risk of genomic instability. Consistent no significant and reproducible effects of XRCC4 loss on telomere length (Table 1 ). In line with this, Southern with recent studies [6] [7] [8] , we found that Ku80 Ϫ/Ϫ MEFs were highly aneuploid and had high levels of chromosomal blot analysis did not reveal marked differences between the telomere length profiles of DNA ligase IV-defective abnormalities ( ity of Ku70 Ϫ/Ϫ ES cells revealed that they also have inhas established that inactivation of Ku or XRCC4 impairs DNA NHEJ to a similar extent [25, 26] , these data suggest creased numbers of chromosomal fusions and fragmentations compared to Ku-proficient ES control cells (Table  that the extensive chromosomal instability of Ku-deficient cells is not due to a NHEJ defect alone but reflects a 3). However, Ku-inactivated ES cells showed less genomic instability than Ku-deficient MEFs. Since the HR combination of defective NHEJ and impaired telomere function. pathway appears to play a more prominent role in DNA DSB repair in ES cells than in later development [23], we speculate that the existence of an active HR system
In conclusion, we have found that Ku70, Ku80, and DNAmay compensate in part for the inactivation of the NHEJ PKcs associate with telomeric DNA in a variety of human machinery and thus reduce the accumulation of chromocell types and under conditions in which telomeres are somal aberrations in ES cells as compared to MEFs. maintained by either telomerase-based or HR-based mechanisms. In addition, we have found that loss of Ku leads to telomeric shortening in MEFs, adult tissues, and In light of the differences between the effects of Ku and XRCC4 on telomere length, we carried out a comparative ES cells. These findings support the view that the function of Ku in telomere length control is conserved from cytogenetic analysis of ES cells lacking XRCC4 or Ku70. In agreement with previous work [24] , we found higher yeast to man. However, unlike the situation in yeast, we have found that, at least by the assay methods we used, levels of chromosomal aberrations in the XRCC4 Ϫ/Ϫ clones than in the parental cells. However, despite the the association of human Ku with telomeres is apparently resistant to the generation of DNA damage. Furthermore, XRCC4 deletion having been introduced into the same ES cell strain by the same technique and in the same our data (see Supplementary material) and those of [19] reveal that the loss of Ku in mouse does not lead to laboratory as the Ku70 mutation [21, 25] , Ku70 Ϫ/Ϫ cells had five times more chromosome fusions and more than the generation of lengthened telomeric single-stranded overhangs. Although the reason for these differences is twice the number of fragmented chromosomes than XRCC4 Ϫ/Ϫ cells. Furthermore, and in line with the telonot yet apparent, they could be linked to DNA-PKcs, which is present in mammals but not in yeasts. Furthermere measurement data, telomere signals were detectable at most chromosomal fusion points in XRCC4
Ϫ/Ϫ cells, more, although other explanations are possible, our cytogenetic analysis of XRCC4-and Ku-deficient cells sugbut not at those of Ku70 Ϫ/Ϫ cells. Since previous work 
Chromatin immunoprecipitations (CHIPs)
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In vivo crosslinking and chromatin purification was performed as de- 
